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Abstract 23
Background 24 Tetrodotoxin (TTX) is a potent neurotoxin used in anti-predator defense by several 25 aquatic species, including the rough-skinned newt, Taricha granulosa. While several 26 possible biological sources of newt TTX have been investigated, mounting evidence 27 suggests a genetic, endogenous origin. We present here a de novo transcriptome 28 assembly and annotation of dorsal skin samples from the tetrodotoxin-bearing species 29 T. granulosa, to facilitate the study of putative genetic mechanisms of TTX expression. 30
Findings 31
Approximately 211 million read pairs were assembled into 245,734 transcripts using the 32
Trinity de novo assembly method. Of the assembled transcripts, we were able to 33 annotate 34% by comparing them to databases of sequences with known functions, 34
suggesting that many transcripts are unique to the rough-skinned newt. Our assembly 35
has near-complete sequence information for an estimated 83% of genes based on 36
Benchmarking Universal Single Copy Orthologs. We also utilized other comparative 37 methods to assess the quality of our assembly. The T. granulosa assembly was 38 compared with that of the Japanese fire-belly newt, Cynops pyrrhogaster, and they were 39 found to share a total of 30,556 orthologous sequences (12.9% gene set). 40
Conclusions 41
We provide a reference assembly for Taricha granulosa that will enable downstream 42 differential expression and comparative transcriptomics analyses. This publicly available 43 transcriptome assembly and annotation dataset will facilitate the investigation of a wide 44 range of questions concerning amphibian adaptive radiation, and the elucidation of 45 assemblies in non-model organisms and are especially useful for diverged species or 68 those with complex genomes [7] . 69
Researchers would benefit from having improved genetic and genomic resources 70 for one amphibian species that has been the subject of much historical and 71 contemporary work and is now a textbook story of predator-prey interaction: the rough-72 skinned newt, Taricha granulosa. This urodelian amphibian, endemic to the west coast 73 of North America, possesses a potent neurotoxin known as tetrodotoxin (TTX) that is 74 primarily excreted through their dorsal skin as a predator deterrent [8] . There is 75 significant variation in TTX concentration among populations of newts, and researchers 76 had previously suggested this is attributed to predation pressure from garter snakes, 77
Thamnophis sirtalis [i.e., 9, 10, 11]. However, new work has suggested that TTX 78 variation in rough-skinned newts may instead be due to neutral population divergence, 79
whereas snake resistance is an evolutionary response to prey toxicity [12]. This 80 defense mechanism has also convergently evolved in several other diverse species 81 including puffer fish, blue ringed octopus, and moon snails [13] . 82
Although the toxicity of rough-skinned newts has been well studied over the past 83 few decades, the source of toxin production has been widely debated. First, it was 84 suggested that TTX is bio-accumulated as a result of diet, but this was rejected when 85 newts that were kept in captivity and fed a TTX-free diet retained their toxin 86 concentrations over time [14] . Next, Lehman et al. [15] rejected the hypothesis that 87 bacterial endosymbionts are responsible for the observed toxicity after discovering that 88 none of the bacteria present on newt skin were capable of producing TTX. These 89 findings led to the hypothesis that tetrodotoxin biosynthesis is under genetic control and 90 toxins are synthesized within the individual. However, a satisfactory determination of the 91 genetic mechanisms responsible for TTX expression remains lacking, despite the fact 92 that previous studies suggest an endogenous origin [16] . 93
In addition to the lack of information regarding the origin of tetrodotoxin in rough-94 skinned newts, they also have very limited genetic data published in general. We are 95 not aware of any work published on high-throughput sequencing data from this species, 96 and previous studies have focused only on mitochondrial markers, allozymes, and 97 microsatellites [i.e., 17, 18, 19, 20]. While rough-skinned newts are presently listed as a 98 species of Least Concern, a subspecies known as the Mazama newt (Taricha granulosa 99 mazamae) is currently threatened by invasive crayfish in Crater Lake National Park in 100
Oregon, USA [21] . Due to the sensitivity of amphibians to invasive species such as 101 crayfish, as well as other anthropogenic disturbances, it will be crucial to have more 102 robust genetic resources of rough-skinned newts available. 103
Our goal is to provide a high-quality transcriptome from the dorsal tissue of a 104 newt species known to produce high quantities of tetrodotoxin, in order to make a 105 crucial step towards elucidating the genetic mechanisms of TTX expression. Here, we 106 present the transcriptome assembly and annotation of Taricha granulosa using Illumina 107
RNA-sequencing technology and bioinformatics tools. Genetic and genomic references 108
for rough-skinned newts are sparse and, to our knowledge, this is the first report on 109 transcriptome analyses for the species. This work provides a valuable resource for 110 studying the chemical ecology of tetrodotoxin in T. granulosa as well as for other TTX-111 bearing species. In addition, this will expand our understanding of salamander genes in 112 general. 113 We utilized several methods to assess the quality of the de novo assembly we 152 generated. The quality filtered reads were aligned to our assembly with Bowtie2 [25], 153
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revealing that approximately 98% of paired reads were properly mapped. Next, we 154 
individuals. 165
We also measured the similarity between our assembly and that of retinal tissue 166 from the Japanese fire belly newt, C. pyrrhogaster [28] , since these species are both from 167 the Salamandridae family and had comparable assembly statistics. Orthologs between 168 the rough-skinned newt and eastern newt transcriptome assemblies were identified using 169 a reciprocal best-hit BLAST approach. A total of 30,556 orthologous sequences between 170 the two transcriptomes were detected with a query coverage above 70%, which 171 represented approximately 12.9% of C. pyrrhogaster transcripts. The number of 172 orthologous sequences is higher than in other salamander species reciprocal best-hit 173 blast comparisons [31] and could be because they both belong to the Salamandridae 174 family and share a more recent common ancestor than some of the other cross-family 175 orthology comparisons. 176
Additionally, we compared the assembly statistics from our transcriptome to those 177 of six other species to benchmark our assembly completeness (Table 2) . These studies 178
were selected for comparison in order to represent a variety of urodelian amphibian 179 species with completed transcriptome assemblies. There were a total of 82,960 annotated transcripts for T. granulosa, representing 206 about 33.8% of the 245,734 de novo assembled transcripts. This annotation rate is 207 similar to the 36.7% of 237,120 transcripts annotated for C. phyrroghaster [28] . 208
Unannotated transcripts could indicate artifacts of misassemblies or non-coding RNAs, 209 but many may also be novel genes with unknown function due to the general lack of 210 knowledge about newt proteins. A total of 48,309 transcripts were assigned at least one 211 GO term, which covered various functional pathways (Table 3) . Of those, approximately 212 48.6% were classified as biological processes, 23.0% as molecular functions, and 213
28.4% as cellular components. Many GO terms could be assigned to one transcript, so 214 there was significant overlap between the three categories ( Fig. S3 : Additional File 1). 215 216 
Conclusions

223
To our knowledge, we present the first report of a transcriptome assembly and 224 annotation of dorsal skin from the tetrodotoxin-bearing rough-skinned newt, Taricha 225 granulosa. Rough-skinned newts are known to excrete high concentrations of a potent 226 neurotoxin called tetrodotoxin, but previous studies have been unable to identify an 227 endogenous origin in this species. The transcriptome data provided here will be a 228 valuable resource in elucidating potential genetic mechanisms of tetrodotoxin 229 expression in T. granulosa and other TTX-bearing species. Additionally, our work may 230 be useful to other researchers studying this species for other purposes such as 231 population genetics analyses or comparative transcriptomics. This data will also 232 advance the availability of amphibian genomic resources, and enable researchers to 233 continue expanding our knowledge of amphibian genes. 234 235
Availability of Supporting Data
236
The raw sequencing reads are available in the NCBI Short Read Archive (SRA) under 237
BioProject Accession PRJNA505885. This Transcriptome Shotgun Assembly project 238 has been deposited at DDBJ/EMBL/GenBank under the accession GHKF00000000. 239
The version described in this paper is the first version, GHKF01000000. 
